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A. Radiation Chemistry 

Radiation chemistry is usue47_ly defiaed as the study of the 

chemical effects  produced by the interaction of ionizing emissions 

with matter,' 

electrons, positrons, protons, neutrons, alpha particles,  beta par- 

t i c l e s ,  and nuclei) as w e l l  as radiations (such as x-rays, gamma rays, 

and light quanta). 

energy by transfer t o  any one or  a combination of the following: elec- 

trons, nuclei, ions, atoms, or  molecules. These processes may result 

i n  any one o r  combination of free electrons, ions, atoms, o r  molecules, 

which, i n  most cases, then go on t o  produce detectable chemical ef- 

fects.  

Included among these emissions are par t ic les  (such as 

When emissions pass through mater, they lose 

1 

B. Proposed Investigation 

I n  recent years, in te res t  has grown i n  the emission-induced de- 

composition of aqueous solutions as evidenced by the increasing nuTdber 

of l i t e r a tu re  publications. 

some work on solutions of metal nitrates.  *-'7 

Included among the investigations has been 

Idormation on n i t r a t e  

decomposition is  becoming valuable since n i t r a t e  solutions are being 

used in the processing o f h i a l y  radioactive metals, and n i t ra te  solu- 
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t ions are being extensively considered for use in  certain types of nu- 

c lear  reactors. 

n i t r i t e  has been reported as the major product. 2-17 However, it has 

been observed "chat irradiations of thorium n i t r a t e  solutions produce 

inordinately small  amounts of n i t r i t e  as compared t o  solutions of so- 

dium nitrate." This observation gave rise t o  the suspicion that the 

cation accompanying the ni t ra te  ion in concentrated aqueous solutions 

might have an effect upon the production of n i t r i t e .  It was the a h  

of t h i s  research t o  investigate that suspicion by the i r radiat ion of 

the n i t ra te  salt solutions of various metal ions w i t h  the ga,mma rays 

from cobat-60. 

In most of the pmvicus work on n i t ra te  solutions, 

C. History 

Upon referring t o  the literature, one finds that the decomposi- 

t ion  of the n i t r a t e  ion i n  aqueous solutions is not a new problein. In  

197, various chemical effects  were observed when solutions of several 

solutes were exposed t o  -&e emissions of a quartz-mercury arc  lamp. 

Among these solutes was potassium ni t ra te .  

2 

!&e production of both 

n i t r i t e  and hydrogen peroxide was noted, 

i n  1 9 7 ,  many investigators have irradiated n i t ra te  solutions, using 

~ & t , 2 - 1 4  15-17, gamma neutrons,18 and f iss ion frag- 

wnts .  

some have reported tha t  the decomposition proceeds mom rapidly i n  

basic than i n  acidic solution. 

Since that first experiment 

18 Most of t h e m  agree that n i t r i t e  and oxygen are produced, and 

Most of the previous work on the decom- 
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position of aqueous n i t ra te  has been carried out on dilute  solutions. 

L i t t l e ,  if any, work has been reported f o r  the concentrated region, 

where cation effects should evidence themselves i f  they are presento 



CXAFTER I1 

'EEORETICAL TREXIPENT 

A. Aqueous Reactions 

1. Measuremnt of' Yields 

Several methods have been used f o r  reporting the yields of the 

various products obtained when aqueous solutions are irradiated. 19-21 

I n  general, two measured quantities are necessary i n  order t o  calculate 

a yield: (1) the amount OP energy absorbed i n  the solution, and (2) the 

amount of product produced. The energy input may be measured d i rec t ly  

by calorimetry o r  indirect ly  by the use of a calorimetrically-standar- 

dized chemical dosimeter. The amounts of products may be measured by 

conventional analfi ical  techniques. The usual mode of expressing the 

yield of a given product is molecules produced per 100 ev of absorbed 

energya denoted by G. 

2. Aqueous Reaction Products 

The major absorption process by which the gamma rays of cobalt-60 

interact  with water results i n  the ejection of an electron having an 

average energy of about 0.60 &v.22 The electron so  produced has suf- 

f i c i en t  energy t o  ionize and excite numrous molecules near the s i te  of 

the parent ion, giving rise t o  "hot spotstt of reaction fragments.23 

These fragments then react w i t h  one another at  that si te,  o r  they may 

diffuse in to  the bulk of the solvent where they then undergo reaction. 23 
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If a solute is present, reaction w i t h  it is a l so  possible. 

Although several sets of reactions have been postulated i n  order 

t o  explain the chemical effects  produced when water is i r ~ u i i a t e d , ~ ~ r ~ 5  

one of the most widely accepted is as f o l l o ~ s : ~ ~ 7 ~ 7  

H20 H20+ + e' (4 
e' + H20 4 H20' + 2e- 

H20+ + H20 --+ H30+ + OH 

e' + H20 _j OH' + H 

(b 1 
(4 
(a> 

(e 1 
( f )  

(€5) 

H + H -> H2 

OH + OH + H202 

H + OH --3 H20 

Thus it may be seen that the most important primary effect  of the ir- 

radiation of water is  the production of hydrogen atoms and hydroxyl 

radicals.  Some of these primary products react i n  the hot spot t o  give 

molecular hydrogen and hydrogen peroxide 1, 

The yields of the products of water decomposition by cobalt-60 

gamma rays have been reported.28 'Bey are as follows, the yield i n  

0.84 sulfuric acid being listed first, and that i n  0,01-N sulfur ic  

acid second: radical hjdrogen (3.70, 2.78), molecular hydrogen (0.39, 

0.421, radical hydroxyl (2.92, 2.12), and hydrogen peroxide (0.78, 

0.75). 

3.  Alteration of Y i e l d s  

Evidence has been presented which shows that the yields of the 

molecular products of the decomposition of water by gamma i r radiat ion 
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If a s a u t e  is  can be altered by the addition of certain solutes. 28-35 

capable of oxidation o r  reduction, it may serve as an effective ge t te r  

f o r  radicals. For example, halide ions may mac t  w i t h  hydroxyl radi- 

cals : 36 

X' + OH + X + OH" (h 

and the atomic halogen may then react w i t h  hydrogen radicals: 

X + H + X- + (i> 

The over-all reaction thus turns out t o  be: 

H + OH H" + OH" H20 

The hydrogen peroxide yield i n  aqueous solution has been shown 

to be lowered as a function of the halide ion concentration. '8-3 This 

is  what would be expected from an examination of equations (f) and (h) . 
Solutes capable of being reduced byhydrogen radicals are effective i n  

lowering the yield of molecular hydrogen. Examples of such solutes are 

the copper(I1) ion,31 the n i t r i t e  ion,33 cerium(1v) ion,J4 oxygen, 35 

and Ilydrogen peroxide, 34 

B. Nitrate Decomposition 

1. Aqueous Mitrate Reactions 

By ana.log;y with similar reactions and from previous results, it 

is believed that in acid solutions n i t r i t e  i s  produced from ni t ra te  by 

gamma rays through two types of reaction. The f irst  of these involves 

the direct  interaction of radiation with the n i t ra te  

occur by the interaction of an incident gamma rayI a scattered gamma 

This may 
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ray, o r  an ejected electron w i t h  the n i t ra te  ion. The net reaction may 

be represented as follows, but this mpresentation is by no means meant 

t o  indicate the mechanism: 14,16 

lVOf w h N O 2 -  + 1/202 (k) 

The second type involves the production of free radicals by the inter-  

action of radiation with water, then’the at tack by the radicals upon 

the n i t ra te  ion: 38 

H20 +H + OH (1) 

- + H NO2 + OH- (m) 

(n) 

m03 - 
2NO2 f 50 +NO:, + No2- + 2H+ 

As equations (1) , (m) , and (n) show, every two hydrogen PadicUs that 

participate in this series of mactions produce one nitri te.  

will be recognized tha t  as long as there is a high concentration of ni- 

trate as compared t o  n i t r i t e ,  the back reaction of n i t r i t e  with the hy- 

Also, it 

drogen radical. w i l l  not be too important. A third important observation 

is  that as long as the n i t ra te  is  relat ively dilute,  the process de- 

scribed by equatioa (k) w i l l  be negligible as c o q a r e d  t o  the process 

described by equations (1) , (m), and (n). 

of the n i t ra te  increases, the reaction shown i n  equation (k) becomes 

However, as the concentration 

more and more important. 

2. Aqueous C e r i u m ( 1 V )  Reactions 

In  acid solutions containing cerium(1V) ions, -&e following gro- 

cesses are important: 39 

H20 +H + OH 



The molecular hydrogen produced does not react. Thus the radiolysis  

products of water are rapidly =moved from solution and interaction 

among these products is negligible. 

3. The Combined System 

%en both n i t ra te  and cerium(1V) ions are present in acid solu- 

tions, the hydrogen radical may react by e i the r  of the following routes: 

no3- + 3 + BO2 + OH' then 

~ e + 4  + H ce+3 + H+ (P 1 

(m> 

(4 2N02 + H20 + HO3- + NO2- + a+, or  

The n i t r i t e  produced by the sequence of e p t i o n s  (m) and (n) or  by the 

direct  action process of e p t i o n  (k) w i l l  then react with cerium(1V) 

according t o  t h i s  eqyation: 40 

NO2- + 2Ce+4 + H 0 *2Ce+3 + EO< + 2H' (SI 2 
Thus, as soon as n i t r i t e  is formed, and regardless of i ts  manner of for- 

mation, it w i l l  react t o  produce ceriwn(II1). Also, it should be noted 

tha t  the same nmber of eerium(II1) ions are produced by a given nurdber 

of hydrogen radicals regapdless of the exact reaction route tha t  the 

hydrogen radicals take, whether it be direct: 

Ce+4 + H + (P 1 
o r  indirect: 



4. Dimct Action 

Production of n i t r i t e  by d i E c t  action is spbol ized i n  this 

e quat ion: 

NOo3- e BO2- + 1/202 (k) 

This same reaction has been proposed f o r  the photolysis and x-ray ir- 

radiation of aqueous n i t ra te  solutions. 1 4 ~ 1 6  

was of par t icular  interest i n  the present investigation. 

It is  this reaction that 

As has been 

pointed out, such a process should be negligible in dilute solutions, 

but as the n i t ra te  becows more concentrated, it should ass= increas- 

ing importance. It was proposed t o  find out if Lhis prediction could 

be verified. Also, it w81j of interest  t o  t r y  t o  determine i f  tke cation 

accompany3ng the n i t ra te  had an influence upon the production of n i t r i t e  

by the direct  action process, 

As was shown i n  the previous section, acid solutions containing 

cerium(1V) and small concentrations of, o r  no n i t ra te  should give the 

s a u ~  yield of cerium(II1). This is because of the equivalence of the 

reaction sequence (m), (n), and (s) With reaction (p)$ and because the 

process of reaction (k) can be considered negligible. However, as the 

concentration of n i t ra te  is raised, reaction (k) cannot be neglected. 

Any increase i n  the yield value of cerium(II1) therefore can be assigned 

t o  the di rec t  action process. !&us measurements of cerium(II1) yields 
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i n  acid solutions containing cerium(IV) plus ni t ra te ,  should provide the 

data which w i l l  allow the calculation of the n i t r i t e  produced by direct 

action i n  the l a t t e r  solutions. 

w i l l  be equal t o  one-half the difference between the yield of cerium(II1) 

i n  the latter solutions and the yield i n  the f o m e r  ones- 

one-half m y  be realized by reference t o  equations (k) and (s )  e 

The yield of n i t r i t e  by direct action 

The figure of 



CHAPTER I11 

EXPERIPIIENTAL, WORK 

A, Materials and Equipment 

1. Reagents 

Reagent grade n i t ra te  s a l t s  of l i t h i u m ,  sodium, potassium, mag- 

nesium, aluminum, ammonium and zinc, cerium(1V) hydrogen sulfate, n i t r i c  

acid, sulfuric acid, acetic acid, sodium hydroxide, ethyl alcohol, 

iron( 11) diammonium sulfate, potassium thiocyanate, and technical grade 

sulfani l ic  acid and dimethyl alpha-naphthylamine were employed. 

f i ed  Code 104 thorium ni t ra te  was obtained from the Lindsay L igh t  and 

Chemical Company, 

Company, and was =crystallized from water twice befoxe use. Rubidium 

hydroxide of undetermined quality was obtained from A. D. Mackay, Inc. 

This material was neutralized with n i t r i c  acid and the resulting salt 

was recrystallized twice from water, 

Puri- 

Cesium n i t r a t e  was supplied by the f i sher  Scientific 

All water was disti l led four times. 

2. G a m a  Source 

The gamma radiation employed i n  the investigation was obtained 

from a cobalt-60 source located at  the O a k  Ridge National Laboratory, 

Oak Ridge, Tennessee. 

balt-60 situated i n  a large shield provided with armqpen%s f o r  the 

placemnt of' samples i n  the radiation field.lF1 The cobalt-60 e m i t s  two 

This source consists of about150 curies of co- 

gamma rays with energies of 1-17 and 1.33 Mev and a 0,s Wv beta par- 
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42 ticle. The cobalt-60 has a half-life of 5.3 years. 

3. Other Apparatus 

All spectrophotometric measurements were made on a Capy Model 11 

Ms Recording Spectrophotometer. 

with a Beckman Model M pH Meter. 

Pyrocell Manufacturing Company, Hew York, New York. These quartz cells 

had special fused quartz windows that wen? not colomd by gama radia- 

tion. !&us the irradiations and the spectrophotometric determinations 

were made using the sam? cells, 

All measurements of pH values were made 

!&e irradiation cells were supplied by 

3. Ancrlytical Methods 

1. me Iron(II1) Ion 

a. Direct determination. The iron(II1) ion produced by irradia- 

tion of solutions containing the iron(I1) ion was measured spectrophoto- 

metrically on the Cary Spectrophotweter. 

radiation was 0.001 M in iron(I1) diammonium sulfate and 0.4 M in sul- 

furic acid. 

Each 5ml. sample before ir- 

After irradiation, the sample w a s  placed in the Cary Spec- 

trophotomter and the absorption of the iron(II1) ion was determined 

directly at 3050 A.35 

of iron(II1) to be calculated, 

imn(II1) ion in 0.4 &I sulfuric acid at 3050 A has been found to be 

224.0 at 250 c.35 

b. 

This absorption value dlowed the concentration 

The molar extinction coefficient for 

Thiocyanate methodO43 Iron(II1) concentrations were also 

ascertained by determining the absorption of iron(II1) thioeyauate at 
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This absorption value allowed the concentration of iron(II1) t o  4820A. 

be calculated. 

was found t o  be 9033. 

Checks were provided by the direct  Tron(II1) method and the gamma radia- 

tion-induced oxidation rate of' iron( 11) . 

The molar extinction coefficient of iron(II1) thiocyanate 

This value was determined by analyses of standards. 

2. The Cerium(II1) Ion 

a. Direct aetermination. The concentrations of cerium(II1) pro- 

duced by i r radiat ion of solutions containing cerium(IV) were determined 

by an indirect  spectrophotomtric procedure. Each 3-r~l.  sample befom 

irradiat ion was 0.0002 I4 in ceriun(IV), 0.4 M i n  sulfuric acid, and in 

most cases contained a known amount of ni t ra te .  Mter irradiation, the 

sample was placed i n  the C a r y  Spectraphotometer, and the absorption of 

the cerium(1V) was determined at  3300A.'' This value allawed the con- 

centration of cerium(II1) ions t o  be calculated by difference. 

molar extinction coefficient 

acid at 33OOA was determined by measuring the absorption of standard 

eerium(IV) solutions. 

moles per  liter cerium(IV) ions, 0.4 M sulfur ic  acid, and various 

The 

f o r  cerium(IV) ions i n  0.4 M sulf'uric 

mese solutions were prepared t o  contain 0.0002 

amounts of n i t ra te  ion. From the data obtained, the molar extinction 

coefficient was found t o  be 5359. The cerium(IV) concentration was 

a l so  checked spectraphotom?trically by determining the absorptian at  

3200A. 35 

b. Indirect determination, The d i rec t  determination of cerium(1V) 

ions could not be applied to solutions containing concentrated thorttum. 
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The thor5um i n t e s e r e s  w i t h  the formation of the absorbing cerium(N) 

species. 

thiocyanate method. 

0.5 mil l i l i ter  of 0,02 M iron(1I) diruamonium sulfate was added. 

cerium(1V) not reduced dmhg the irradiation was reduced by the iron(I1). 

The oxidation product, iron(III) ,  was then determined by the thiocyanate 

method. 

concentration, aJne cerium(1II) foxmation rate could be calculated. 

An alternative lnethod was devised which uti l ized the iron(II1) 

After irradiation of the thorium ni t ra te  solutions, 

The 

Since t~ze iron(II1) concentration i s  equivalent t o  the cerium(1V) 

3. Dosimtqy 

a. Standard. ma cobalt-60 gamma source was calibrated w i t h  the 

iron(I1) dosimeter. Air-saturated solut ims 0.001 M in iran(I1) di- 

ammonium sulfate and 0.4 M i n  sulfuric acid were irradiated for given 

time intervals. 

t ion was determined spectrophotonretrically. Previous experiments have 

shown that i n  such solutions, 15.6 k 0.3 imn(11) ions are oxidized t o  

iron(II1) ions f o r  every 100 ev of energy absorbed i n  the solution.35 

Using this value, it was found that 1.370 x d7 ev/min/ml were being 

absorbed by the iron(I1) dosineter on M a r c h  20, 1956. 

cobalt-60 decays w i t h  a hdf- l i fe  of 5.3 years.k This amounts t o  a 

decay of about one percent per month and necessitates frequent energy 

calibrations. 

After irsradiation, the iron(1IS) produced i n  the solu- 

The radioactive 

b. Energy absorbed by the Bolvent. Since the solvent of the 

sta,ndard dosimter and that employed in the experbents was the 8- 

(0.4 M sulfuric acid), the absorbed energy was sane, amounting t o  
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1.338 x 1017 ev/mln/g(solvent), E(gs). 

density of a 0.4 M solution of sulfuric acid which is  1,024 g/ml. 

This value arises by use of the 

A s  the concentration of solute increased i n  the various samples 

employed, the amount of' solvent per unit  volume decreased. 

of' solvent present i n  each milliliter of solution was cdlculated by 

subtracting the grams of" solute per m i l l i l i t e r  of solutOon from density 

of the solution. 

plied by the ev/@n/g (solvent) then gave the energy absorbed by the 

solvent as ev/min/ml of solution, uhich w i l l  be symbolized E(s) ,  

The grams 

The graans of solvent per m i l l i l i t e r  of solution multi- 

c. Energy absorbed by the solute. It was assmed that the 

absorption of energy per gram by the solvent and the solute was pmpor- 

t i om3  t o  their respective gannna-ray mass absorption coef'ficients. 

coefficient, g(T), is actually the sum of three individual mass absorp- 

t ion  coefficients @hi& describe the efficiencies of the three major 

processes by w h i c h  gama rays lose energy.@ These processes are known 

as the photoelectric effect ,  CGarrpton scattering, and pa i r  production, 

and their respective mass absorption coefficients w i l l  be spbol ized by 

g(P), g ( C )  , and g(PP) Thus one may write: 

This 

g(T) = d p )  + g(C)  + g(-)  ( t )  

The individual mass absorption coefficients may be calculated for  

various atoms by using the following empirical equations. .45&,47 

(u) 

g(c) = 4 2  (v) 

g(FT) = dZ(Z + 1) (E - 1.02)/AE (4 

4 g(P) = aW3 - bW 
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where a, b, c, and d are constants, W is the wave length of the gamma 

ray i n  angstroms, A is  a e  atcrmic weight, Z i s  the a t m c  nrrmber, and E 

is the energy of' ttae incident gamma ray In Mev. 'flhe values of g(P) and 

@;(IT) fo r  cobalt-60 gamma says turn 

that of g(C) except where z is large. 

t o  be very saaJ.J as compared t o  

TJsing the relations given above, g(T) va.lues were calculated fo r  

the various atoms involved i n  the study, 

of g(T) which wem used. 

pressed i n  ev/min/ml of sol23tion '6aadj calculated by use of the folloxing 

equation: 

Table I presents the values 

The energy absorbed by %he cation, E ( c ) ,  ex- 

E(gs) x g(Tc) I W(c) E(c) = 
g(Ts) 

where g(Tc) is the gaarma-ray mass absorption coefficient f o r  .the cation, 

g(Ts) is  the gamaa-ray mass absorption coefficient f o r  the solvent, and 

W(c) is the grams of cation per milliliter of solution, The ewrgy ab- 

sorbed by the anion, E(a), expressed in ev/min/ml of solution was cal- 

culated by use of the following equatiola: 

( Y> E(a) = E(gs) x g(Ta) x W(a) 
g(Ts 1 

where g(Ta) is the gaamna-ray mass absorption coefficient fo r  the anion 

and W(a) is the grams of asion per mill i l i ter  of solution, The calcu- 

lations, of the mass absorption coefficients of the anion and the solvent 

from the mass absorption coefficients of the constituent atoms were 

performed as follows. 

complex ion is the weighted sum of the mass absorption coefficients of 

The mass absorption coefficient of a compound o r  
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H 

Li 

N 

0 

Na 

&3 

Al 

S 

K 

zn 
Rb 

cs 

Th 

0,00000 

0 .ooOOo 

0.0oooo 

0 000000 

0 .ooax, 

0 .ooOol 

0 oooo02 

0 .oooo3 

0 .ooO04 

0.00019 

0.00034 

0 .OO117 

0.00550 

0.05288 

0.02334 

0.02663 

0.02665 

0.02549 

0.02630 

0.02569 

0,02660 

0.02590 

0.02445 

0.02308 

0.02207 

0.02066 

0.05288 

0.02304 

0.02664 

0.02666 

0.02551 

0,02633 

0.02572 

0.02666 

0 002597 

0.02k68 

0 ,02347 

0.0233 

0.02627 
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i t s  constituent parts.48 Be weighting is proportional t o  a e i r  percen- 

tage weights i n  the compound or  ion. 

a value of 0.02666 f o r  g(Ta) and of 0.03022 f o r  g(Ts). 

This type of calculation yielded 

d. Total energy absorbed. The t o t a l  energy absorbed, E, ex- 

pressed as ev/min/ml was obtained by summing the energies absorbed i n  

the solvent, the cation, and the anion, that is: 

E = E ( s )  + E(c) + E(a) (4 
This value of E was then used t o  calculate G values for  cerium(II1) i n  

the various experinaents. 

C. Preliminary Experiments 

1 . Calibration 

As has been indicated i n  the previous section, calibration of 

-the source with the irorr(I1) dosimeter indicated that 1.370 x lo1? 

ev/rnin/ml were being absorbed i n  a solution 0.001 M i n  iron(I1) diammn- 

Sum sulfate and 0.4 M i n  sulf’uric acid on March 20, 1956. 

2. Aqueous Cerium(N) Exp e r iwn t s  

A solution 0.0002 Eul i n  cerium(IV) hydrogen sulfate md 0.4 M i n  

sulfur ic  acid w a s  irradiated, 

concentration as a m e t i o n  of t i m e  of irradiation, 

the yield of cerium(II1) was shown t o  be 2.40 ions of cer im(II1)  pro- 

Figure 1 shows a p lo t  of the cerium(1II) 

Frm these data, 

duced per 100 ev of energy absorbed i n  the solution. 
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!!his observed yield of cerium(II1) i n  0.4 M sulfuric acid can- 

pared very well with the reported yield of cerium(III), 2,39.49 Other 

values have been reported varying from this 2-54 t o  2.52.35,49,50 Since 

this cer-ium(II1) yield contains experimental error, it was decided that 

the theoretical value of 2.34 would be used t o  correct the enhanced cer- 

ium(II1) yield so tha t  a value could be determined for  direct  action ni- 

t r i t e .  

3 .  Aqueous Cerium(lT) Plus Dilute H i t r a t e  Experiments 

Solutions 0,0002 M i n  cerium(1V) hydrogen sulfate, 0.4 M i n  sul- 

f'uric acid, and 0.01 M i n  l i th ium,  sodium, o r  potassium ni t ra te  were 

irradiated, Table I1 presents the values of energy absorbed, cerium(II1) 

formed, and the n i t r i t e  ion yield for these experiments. It will be ob- 

served that the yield of cerium(II1) is  almost the same as that obtained 

i n  solutions which do not contain small amounts of n i t ra te ,  The indica- 

t i on  is as w s  predicted, namely tha t  the direct action process as des- 

cribed bar equation (k) is not too i x p o r t w t  i n  di lute  n i t ra te  solutions. 

4. Purification Experiments 

Some experiments t o  test the propriety of using Reagent G r a d e  

chemicals as received were carried out. 

n i t r a t e  was run through 4 recrystall izations from water, 

material was =moved from each step t o  prepare a 1.00 M solution. 

the f ive solutions 1.00 M of sodium ni t ra te ,  0.4 E9 i n  sulfur ic  acid, and 

0.0002 M i n  ceritm(IV) hydrogen sulfate were prepared from the five 

A sizable quantity of sodium 

Sufficient 

Then 



NITRITE 

TABLF: I1 

YlELDS F'ROM DILUTE 

e.. 

soLuTIoms 

Sa l t  Concn. Energy Absorbed per Milliliter Formation Rate (Ct2+3) G G G 
( m o l e s / L )  (ev/a/min x 1d-7) (moles/m.l/min x lo9) (Ce"3); (Ce+3)= 6 (NO,-)-da 

Cation &tian Solvent T o t a l  

* 
-Ex- 
Total C e ( I I 1 )  f o m d ,  

C e ( I I 1 )  f o m d  by solvent W i o l y s i s .  
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batches of material., re3reseating the various times of recrystallization. 

The data obtained fron irradiation of Qese are presented i n  Table I11 

and Figure 2. 

From a plot of t he  type shown i n  Figure 2 ,  many conclusions may 

be reache<. 

irradiation w i l l  ShGtU’ a greater rate of cerium(I1I) fonmtion than the 

remaining irraZiations. 

points will represent the rate of cer lm(II1)  formation, and the cerium- 

(111) intercept a t  zero irrc&ation t:ae wtll represent *e anount of 

oxidizable contwinan-t present. 

various n i t ra te  salt concentrations, the contaminant is present i n  the 

water. 

tion, the contaminant is  present kn Q2.e salt, 

eliminated by aging the solutlon before irradiation. 

the irradiation time scczle repesents the presence of a contaminant 

more eas i ly  reducible .than ce.rium(Dr) . 
of the amount and tyye of contaminant present. 

If an easily oxidizable contaainant is  present, the i n i t i a l  

A strc.i&t l i ne  dram through the experimental 

If the intercept i s  a constant f o r  

If the intepcegt is  proportional t o  the n i t ra te  salt concentra- 

This may be generaLly 

An intercept on 

The intercept is  an indication 

Purification by reerystalliza-tion of the sodium nitrate from 

water was accomplished as i l lust ra ted by the diminishing extrapolated 

zero irradiation cerirun(2II) intercept Va3ue. 

irradiation time intercept can be CktePmined and used t o  correct the ex- 

perimentally determined values, a c c m t e  G values can be obtained i n  the 

presence of reasonably smtil-1 amounts of contaminants, 

Hotlever, since the zero 



CERIuN(1V) REDUCTIOM mOM IIECRYSTALLIZED SOD1 MTRATE 
Kales of Cerium(II1) formed (x 10 F ) 

Irradiation A* B** cH D** E** F- G- 
Time 
(Mid 

1 

3 

15.49 

42.92 

14.93 

42.54 

15.49 

42.92 

14.55 

41.80 

14-55 

40.68 

16.61 

44.60 

6 80.61 84.53 85.84 82 S O  81.92 85 e 2 8  81.54 

10 

G Ce(II1) 

* 
H 

* 

Salt as received. 

Successive recrystallizations. 

Different batches of s a l t .  
tu w 
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5. Accuracy of Method 

me precision 02 the cerium(N) method fo r  determining the direct  

action on n i t ra tes  is good. 

was found that the average yield of cerium(II1) WELS 5.68 molecules per 

100 ev of absorbed energy. 

were determined t o  be 0.05 and 0.03 molecules respectively. 

From the data tabulated i n  Table 111, it 

The standard deviation and probable e r ror  

D. Detailed Ekperiments 

1. Alkali Metal Nitrate Experiments 

A large number of solutions aich were 0.0002 M i n  cerium(1V) hy- 

drogen sulfate and 0,4 M i n  sulf'uric acid were prepared. 

these solutions w e =  of diffem'ag molarities in various sllkali m e t a l  ni- 

trates, 

cerium(II1) yields were determined. 

duced by radical action in each case w a s  calculated. 

In addition 

These solutions were irradiated for varying times and the 

B e n  the &mount of' cerium(II1) pro- 

The mount of cer im(1II )  f o m d  by interaction of cerium(lT) w i t h  

radicals (equations (p), (q), and ( r )  ) w i l l  be proportional t o  the a- 

mount of solvent present per milliliter of solution. 

solution, one mill.iliter of solution contains very nearly one milliliter 

of solvent, however, in m o r e  Concentrated solutiors,  the amount of sol- 

vent per m i l l i l i t e r  of solution decreases as the solute concentration 

increases. 

solutions 0.4 M i n  sulf'uric acid is  2.34, the yield of cerium(II1) in 

concentrated solutions 0,4 M i n  sulf'uric acid will be lowered propor- 

In  very di lute  

Thus, i f  the theoretical yield of cerium(II1) in  di lute  
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t ionally t o  the amount of solvent present. 

cerium(II1) produced by radical and molecular action i n  each case was 

then subtracted from the tot& yield of cerium(II1) So obtain the 

cerium(II1) produced by n i t r i t e  which  had been formed by direct  action. 

Then the yield of n i t r i t e  produced by direct  action was obtained by 

hav ing  the yield of cerium(II1) produced by d imc t  action. 

are presented i n  Tables IV, V, V I ,  and VII. 

The corrected yield of 

These data 

2. Expe riments on Other Nitrates 

Experiments identical  w i t h  those in the previous section with 

the exception tha t  other n i t ra tes  were substituted fo r  the a l k a l i  metal 

ni t ra tes  were carried out. 

magnesium, zinc, aluminum, and thorium. The results of these experiments 

are reported in Tables VXII, IX, X, and XI, 

The ni t ra tes  used were those of ammonium, 

E. Conclusions 

In  the n i t r a t e  sa l t s  studied, it was found tha t  the yield of ni- 

t r i t e  produced by d i R c t  action in solutions 0.4 M i n  sulfuric acid and 

0.0002 M i n  cerium(1V) hydrogen sulfate is dependent upon the nitrate 

concentration. 

consistent manner. 

A semi-log arithmic plot  presented all the data i n  a 

The enhanced yield of cerium(II1) expressed as ni- 

t r i te  and deterrrmined by a l eas t  sqmres analysis 

represented by: 

G(EJ02-) = 1.22 log 

of all the data may be 

+ 1.70 (4 



Energy Absorbed per M' liliter Formation Rate (Ce+3 ) G G # $ G  
(mole S/L) (ev/d/min x 10 f+ ) (moles/ml/min x 109) (Ce+3)-t* (Ceef3)-s (EG;)-aa 
Concn 

Cation Anion Solvent T o t a l  

0.007 1.357 1.364 7.74 3.42 2-35 0.54 0 .lo -- 
0 *20 0.001 0.014 1.350 1.365 8.99 3.96 2.52 0.82 

0.30 0.002 0.021 1.95 1.sa 10 .oa 4.44 2., 31 1.07 

0.50 0.003 0.036 1.334 1.373 11 . 42 5.01 2.29 1-36 

1.00 0.007 0.073 1.28 1498 13.77 5093 2-27 1-83 

2 .oo 0.014 0.145 1,257 1.416 14.99 6.37 2 d 6  2.10 

* 
** Total Ce(II1) formed. 
Ce(II1) formd by solvent radiolysis 



TABLE V 

NITRITE YlELDS FROM SODIUM NITRATE SOLUTIONS 

Concn. Energy Absorbed per Mill i l i ter  Formation Rate (2e+3 ) G * G  G 
(rnoles/L) (ev/&/min x ld-7) (moles/ml/min x lo9) ( Ce43)-% (C!et3)-s** (NO;)-da 

Cation Anion Solvent Total  

0.1 0.002 0.007 1.346 1.355 7-49 3.33 2.33 0.50 

0.2 0.005 0,014 1,340 1.359 9.18 4.07 2-32 0.88 

0.3 0,008 0,022 1.343 1.373 9.92 4.35 2.31 1.02 

0.5 0.013 0.0% 1.334 0.383 11.39 4.96 2.30 1-33 

1 .o 0.026 0.072 1.308 1.406 12 . 88 5 051 2.27 1.62 

3.0 0.075 0,210 1.202 1.487 16 33 6.61 2.14 2.24 

5 .o 0.126 0.351 1.116 1.593 1846 7.16 1.98 2.59 

* 
H 

Total  Ce(ll1) formed. 

Ce(II1) formed by solvent radiolysis. 



NITRmtE YIELDS FRON POTASSIUM NXTRAm SOLUTIONS 

Concn. Energy Absorbed per Milliliter Formation €&~te (Ce+~)  G+3 * G+3 ~ G- 
(moles/L) (ev/d/min x 1017) (moles/n??/min x lo9) (Ce )-t (Ce >-s (N02)-da 

Cation Anion Solvent Total 

0.14 0.006 

0.20 0.009 

0.34 0 -015 

0.50 0.022 

1 .o 0.044 

1.34 o .061 

1.75 0.076 

0.010 

0.014 

0.025 

0 . o s  

0,072 

0 e099 

0.123 

1.352 1.368 8 a %  3.68 2.32 0.68 

1.349 1,372 9.21 4 -04 2.32 0 -86 

1.338 1.378 10 39 4-54 2.30 1.12 

1,322 1.380 11 53 5.06 2,28 1.39 

1.290 1.406 13.26 5 -68 2.23 1.73 

1.275 le435 14,M 6.07 2.19 1.94 

1.208 10407 14.44 6 -18 2.15 2.02 

* 
** Total Ce(II1) formed. 

~e ( 111) forrned by solvent radiolysis 



TABLE V I 1  

MnRITI?, YIXLDS F'ROM RUBIDIUM NITRATE AND CESIUM I"RBTE SOLUTIOES 

Concn . Energy Absorbed per Milliliter F o m t  ion Rate (Ce': ) G+3 G G 
(moles/L) (ev/d/min x rd-7) (moles /d  min x 10,) (Ce )-t* ( C C ? ' ~ ) - S ~  (NO;)-da 

Cation Anion Solvent Total 

0.1 

0.3 

0.4 

0 .5 

0 01 

0.3  

0.5 

1 .o 

0.009 0.007 1.355 

0.026 0,022 1.28 

0,035 0.029 1.290 

0.042 0.035 1,265 

0,014 0.007 1.3% 

0.041 0.022 1.315 

0.068 0.0% 1.284 

0.134 0.0'7l 1.255 

Rubidium 

1 * 351 

1 376 

1.354 

1.342 

Cesium 

1.353 

1 378 

1.388 

1.460 

7.37 

9-32 

10 -67 

11.68 

7953 

10,45 

u .52 

13.81. 

3.28 

4.08 

4.74 

5 eo3 

3.35 

4.57 

5 .oo 

5.72 

2.33 0.48 

2.31 0.89 

2-30 1.22 

2-30 1.37 

2.32 0.52 

2.29 1.14 

2.24 1-38 
2 .ig 1.76 

* 
-H+ 

Total Ce(II1) formed. 

Ce (111) formed by solvent radiolysis . 
W 
0 



TABT;E VI11 

lVITRITE YIELDS FROM ~0~ NITRATE SOLUTIONS 

i l i t e r  Formation Rate (Ce+3 G 3c3c G, vi (moles/& min x 10 9 )  ) (Ce G+3 1-t" ( ~ e f 3 l - s  (w2)-a 
Concn . Energy Absorbed per 

(mole s / ~  ) (ev/a/xnin x 10 
Cation Anion Solvent Total 

0.10 

0 020 

0.30 

0.50 

1 .o 

2 00 

3.0 

5 -0 

0.002 

0.004 

0.005 

0 -013 

0.025 

0 0055 

0.076 

0.124 

0.006 

0 0012 

0.018 

0.036 

1 .on 
0.135 

0.214 

0 350 

1 329 

1.323 

1 319 

1 *299 

1.268 

1.180 

1.165 

1.007 

1.337 

1.339 

1 , 342 

1,348 

1.364 

1 370 

1.455 

1 481 

7.63 

8.85 

9.77 

11.25 

12 , 82 

14939 

17oOS 

17.63 

3.44 

3.98 

4.38 
5.02 

5.66 

6.32 

7.05 

7.17 

2.33 

2.32 

2*x 

2.28 

2 022 

2 *10 

1.99 

1.76 

0.55 
0.83 

1.04 

1.37 

1.72 

2.11 

2 053 

2.71 

* 
W 
I-' 

T o t a l  Ce(II1) formd. 

Ce( I I1 )  formed by solvent radiolysis. 
** 



Concentrapxi Energy Absorbed per Milliliter Formation Rate ) G G G, 
(moles N O ~ / L )  (ev/a/min x 1-017) (moles/& min x 109) (~e+31-t+ (ce+3)-sH ( ~ 0 ~ 1 - h  

Cation Anion Solvent Total 

0.10 0.003 0.007 1.329 1.339 7.37 3.31 2.33 0.49 

0.40 0.014 0.029 1.365 1.365 10.55 4.65 2.31 1.17 
s, 0.20 0.007 0.014 1.326 1.347 9.04 4.04 2.32 0.86 

0.60 0.02~ 0.043 1.316 1.380 11 011 4.85 2.31 1-27 
1.00 0.034 0.069 1.30 1.413 13.06 5.56 2 -29 1.63 

0 010 0.002 0.007 1.342 1.351 7.59 3.38 2-33 0.53 
0020 0.003 0.015 1.339 1.359 8.74 3.88 2.33 0.78 
0*40 o-006 0.029 1.334 1,369 10.68 4.70 2.32 1.19 
0 -60 0.008 0,043 1.328 1.379 ll e 1 2  4.85 2.33, 1.27 

2 e o 0  0,027 0.144 1.297 1.468 14-25 5 .84 2.26 1.79 
1 s o 0  0.014 0.072 1.90 1.406 12-54 5.37 2 -29 1.54 

4.00 0.056 0.248 1.241 1.585 18.40 6-99 2.16 2.42 

9 
Total Ce(lI1) formed, 

C e ( I I 1 )  f o m d  by solvent radiolysis, 
W 
N 
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TABIJ3 X 

mRITE m m s  FROM AL- BITRATE soLmIoNs 

G G G+3 (moles/& min x 109) (ce 1-t* (~e+3)-s= (NO;)-& 
Concentration Energy Absorbed per M i l l i l i t e r  Formation Rate (Ce+3) 
(moles H O ~ L )  (ev/d/min x 1017) 

Cation Anion Solvent Total 

0 -15 

0.30 

o -60 

0 *90 

1.50 

3.00 

0.001 

0.002 

0 e 0 0 2  

0,007 

0 .oog 

0.016 

0 .ow 

0.011 

0.022 

0.022 

0 .Oh3 

o .065 

0 ,108 

0 .a5 

1.340 1,352 

1.334 1-358 

l . p 4  1.328 

19327 1.377 

1-38 1.392 

1.303 1.427 

4 

1.267 1,512 

8.34 

9,20 

9 -13 

10 . 98 

11 72 

13*68 

15 73 

3.71 

4.08 

4.14 

4*80 

5 .07 

5.77 

6.26 

2.33 

2.32 

2.32 

2.31 

2 -29 

2 027 

2.21 

0.69 

0.88 

0 .g1 

1.25 

1.39 

1.75 

2.03 
~ 

* 
Total C e ( I I 1 )  formed, 

Ce(II1) formed by solvent radiolysis. 
** 

w w 



L . 

(moles N O ~ L )  (ev/ml/min x 1017) (moles/ml min x 109) (~e+3>- t*  (~e+3)-s  G ? H e G  (~~->-ii .a Concentration Energy APsorbed per Milliliter Formation Rate (Ce+3 ) G 

C a t i o n  Anion Solvent Total 2 
~~ 

0 .lo 0.006 0.007 1.302 1 .35  7.30 3.34 2.34 0.50 
0.20 0,013 0.014 1.293 1.320 8.48 3.8'7 2*32 0.78 

0.30 o.oig 0.021 1.290 1.330 10 37 4.70 2.32 1.19 

0.50 0.032 0.036 1.283 1.351 11.38 5 -07 2.31 1.38 

2.00 0.128 0.141 1.242 1.5U. 16.60 6.61 2.23 2.19 

1.00 0.065 o.on 1.269 1.405 13.45 5.76 2.28 1.74 

3.00 0.193 0.212 1.214 1.619 19 52 7.26 2.18 2.54 

9 
Total  Ce(II1) formed. 

Ce(II1) f o m d  by solvent radiolysis. 

w 
4= 
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&ere [WO;] repnsents  the molar concentration of the ni t ra te .  Figure 

3 is a p lo t  of the line described by equation (aa), w h i c h  i l lus t ra tes  

the formation of nitrite from solutions 0.1 t o  5.0 M in  ni t ra te .  If 

extrapolated, it indicates that direct  action ceases below a n i t ra te  

concentration of 0.04 M, since this is  the point a t  which G(EO,-) be- 

comes zero. 

The t o t a l  energy absorbed by the solution was used t o  calculate 

The consistency of this method of calculation the cerium(II1) yields. 

as evidenced in the experimntal data, indicates tha t  the energy ab- 

sorbed by all the constituent par ts  of the solution is probably effec- 

tive i n  decoxqosing n i t ra te  t o  n i t r i t e .  

n i t r a t e  salt and the cation it contained appeared t o  have no influence 

upon the rate of n i t r i te  formation. 

rate of n i t r i t e  formation appeared t o  be the n i t r a t e  concentration. 

The physical pruperties of the 

me on ly  cr i ter ion determining the 
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SUMMARY 

This investigation consisted of experiments designed t o  measme 

the rate of n i t r i t e  production when solutions of metal. ni t ra tes  were 

irradiated with gamma rap. 

of the cation and (2) the effect  of concentration. 

metal ni t ra tes  i n  the concentration range 0.01 

Elimination of back reaction which destroyed n i t r i t e  was effected by the 

use of cerium(1V) ion, which  removed reducing radicals and molecular 

products. 

i n  the absence of n i t ra te  was interpreted t o  be due t o  the direct  forma- 

t ion of n i t r i t e .  

Of particular in te res t  were (1) the effect  

Solutions of various 

t o  5.0 M were employed. 

Any enhancemn.t; of .the ceriwn(II1) yield over that obtained 

An asalysis of a31 the data showed that the yield of n i t r i t e  pro- 

duced by direct  action was (1) independent of the cation, (2) dependent 

only upon the ni t ra te  concentration, and (3) dependent upon the t o t a l  

absorbed energy regardless of the particular constituents of the s o h -  

tion. This yield could be repmsented by G(N02-)-d.a = 1.22 log  

+ 1.70, &ere G(NO2)-da is the yield of n i t r i t e  produced by direct  

action and F 3 - 1  synibolizes the molar concentration of n i t ra te .  From 

this equation, one may xealize that the direct  action production of 

n i t r i t e  becones practically zero at a molar concentration of about 0.04. 

It is fe l t  that this woxk is significant i n  that it represents one of 

the f e w  excursions in to  the region of concentrated solutions. 

NO - 3 

It is 
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interesting that no unexpected phenomena occurred in these concentrated 

solutions, that is, phenomena which could not be predicted by an extra- 

polation of experience in dilute solutions. 
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